Carbon reserves in rice straw (stem and sheath) before flowering contribute to a significant portion of grain filling. However, the molecular mechanism of carbon reserve remobilization from straw to grains remains unclear. In this study, super rice LYP9 and conventional rice 9311 showed different carbon reserve remobilization behaviors. The transcriptomic profiles of straws of LYP9 and 9311 were analyzed at three stages of grain filling. Among the differentially expressed genes (DGs), 5,733 genes were uniquely up-or down-regulated at 30 days after anthesis (DAA) between LYP9 and 9311 in comparison with 681 at 10 DAA and 495 at 20 DAA, suggesting that the gene expression profile of LYP9 was very different from that of 9311 at the late stage of grain filling. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis and Gene Ontology (GO) classification of DGs both showed that the carbohydrate catabolic pathway, plant hormone signal transduction and photosynthesis pathway were enriched in DGs, suggesting their roles in carbon reserve remobilization, which explains to a certain extent the difference in non-structural carbohydrate content, photosynthesis and ABA content between the two cultivars during grain filling. Further comparative analysis and confirmation by quantitative real-time PCR and enzyme assays suggest that genes involved in trehalose synthesis (trehalose-phosphate phosphatase and trehalose 6-phosphate synthase/phosphatase), starch degradation (b-amylase) and sucrose synthesis (sucrose-phosphate synthase and sucrose synthase) were important for carbon reserve remobilization, whereas ABA content was determined by the counteraction of NCED1 and ABA8ox1 genes. The higher expression level of all these genes and ABA content in 9311 resulted in better efficiency of carbon reserve remobilization in 9311 than in LYP9.
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Introduction
Super rice has a yield advantage of >30% over conventional pure line varieties. Recent statistics showed that super rice is approaching half of the rice acreage and contributes significantly to rice production in China (Cheng et al. 2007 , Normile 2008 . Since its initial release in the early 1970s, the yield levels of new super rice cultivars have increased steadily in the last decade, from 10.5 to 13.5 t ha -1 , suggesting that super rice has a large yield potential. However, there are many factors limiting the yield potential. One major limitation for super rice to reach its full yield potential is the relatively poor grain filling of its late-flowering kernels and incomplete use of pre-stored carbon reserves in the straw (sheath and stem). Such poor filling is not always related to a lack of food supply. In most cases, plants have a substantial amount of food left in their straw that remains unused at maturity. Grain filling is the final stage of growth in rice where fertilized ovaries develop into caryopses. The duration and rate of grain filling decide the final grain weight, which is a pivotal factor for crop yield. Grain filling depends on the current carbohydrate and redistributed carbohydrates from reserve pools in vegetative tissues either before or after anthesis (Kobata et al. 1992 , Schnyder 1993 , Samonte et al. 2001 . The portion of carbohydrates redistributed from reserve pools is termed non-structural carbohydrate (NSC). NSC is mainly composed of soluble sugars and starch (Ishimaru et al. 2004) . It can increase the rice yield potential by improving both grain weight and grain filling percentage (Ishimaru 2003 , Ishimaru et al. 2005 . In rice, the contribution of carbon reserves to grain filling is about one-third of the grain yield and ranged from 0 to 40%, depending on the cultivar and environmental conditions (Gebbing and Schnyder 1999, Takai et al. 2005) . Several reports demonstrated that remobilization of carbon reserves from source to grain is critical for grain yield when the yield potential largely depends on high biomass accumulation (Yoshida 1972 , Nicolas et al. 1985 , Palta et al. 1994 , Asseng and Van Herwaarden 2003 , Plaut et al. 2004 . Thus, the accumulation of pre-stored carbohydrates in rice straw is highly correlated to grain yield.
In the past decade, considerable efforts have been made to dissect the key factors involved in controlling rice grain filling, for example factors related to regulating grain weight (Zhou et al. 2013) . A rice mutant of heterotrimeric G-protein alpha subunit (RGA1) has been documented to reduce seed size (Ashikari et al. 1999) . The quantitative trait locus (QTL) GRAIN SIZE 3 encodes a large protein containing several domains which function in determining grain length and thickness (Mao et al. 2010) . One RING-type E3 ubiquitin ligase which is a major QTL for rice grain weight and width has been observed to inhibit cell division by degrading its related components (Song et al. 2007 ). The gene grain incomplete filling1 (gif1) encodes a cell wall invertase, which participates in carbon partitioning during early grain filling ). In addition, omics have been used to analyze rice in leaves, panicles, grains and roots at different developmental stages. Proteomic studies on the molecular mechanism of rice inferior and superior spikelets during grain filling have been documented (Xu et al. 2008 , Zhang et al. 2014 , Zhu et al. 2016 . Rice grain filling-related genes during the milky stage under high temperature were investigated using DNA microarray (Yamakawa et al. 2007 ). MicroRNAs at the grain filling stage in rice grain were identified and analyzed using deep sequencing (Pandey et al. 2013) . Transcriptome analysis of regulatory pathways in chalky grain formation in rice caryopses were reported (Liu et al. 2010) . A parallel analysis of proteomic (CE-MS) and transcriptomic (a whole-genome microarray) was used to construct a metabolic atlas summarizing the impact of high temperature on central metabolic pathways in developing rice seeds (Yamakawa and Hakata 2010) .
The non-structural carbohydrate content in straw as the source of the grain filling after anthesis is particularly important for the development of grains. Nevertheless, the molecular mechanism of carbon remobilization in straw during the grain-filling stage remains elusive. To investigate the mechanism of carbon remobilization in super rice compared with conventional rice, we performed RNA sequencing (RNA-Seq) on the straw of super rice LYP9 and conventional rice 9311 (these two cultivars are similar in their genetic backgrounds) at three stages of grain filling: 10 days after anthesis (10 DAA), 20 DAA and 30 DAA. We analyzed the differentially expressed genes (DGs) of both LYP9 and 9311 during the grain filling stage. Furthermore, we compared DGs between super rice and conventional rice, and found some candidate genes that may be involved in the grain-filling process.
Results

Physiological characterization of super rice and conventional rice
Straws from LYP9 and 9311 were sampled at four stages, i.e. the heading stage (0 DAA), 10, 20 and 30 DAA, throughout the grain-filling period. Parameters such as starch content, soluble sugar level and photosynthetic rate were measured. We found that NSC contents in the straws of LYP9 were greater than in 9311 (Fig. 1A) . NSC in LYP9 increased rapidly from 0 to 10 DAA, with a dramatic increase from 205.7 to 256.3 mg g -1
, and it then decreased as the stage progressed. However, the NSC of 9311 ranged from 206.1 to 89.9 mg g -1 , significantly decreasing throughout the stage. The percentage of unused NSC left over in LYP9 at 30 DAA was 40.87%. Starch accumulation was consistent with the NSC content (Fig. 1B) . Soluble carbohydrate concentrations in LYP9 increased rapidly from 0 to 10 DAA, and then dramatically decreased from 10 to 30 DAA. However, soluble carbohydrate concentrations in 9311 remained at a low level from 0 to 30 DAA (Fig. 1C) . From  Fig. 1D , it can be seen that the net photosynthetic rate of LYP9 was higher than that of 9311, and the net photosynthetic rate reached a significant difference (P < 0.05) at 0 and 10 DAA. In addition, the net photosynthetic rates of both LYP9 and 9311 were in agreement with the NSC content at the whole grainfilling stage. Additional results suggested that LYP9 has higher biomass accumulation and a larger sink size (Supplementary  Table S1 ) than 9311. Moreover, the behavior of the two cultivars in terms of carbon reserve remobilization was different.
Illumina sequencing, library construction and differential expression analysis
Straw at the grain-filling stage plays an important roles in rice yield. We dissected the essential genes involved in the process of the grain-filling stage in the straw of super rice compared with conventional rice. For this, we constructed RNA-Seq libraries of straws in the super rice LYP9 and paternal inbred conventional rice 9311 at the three grain-filling stages. These RNA libraries were sequenced using the Illumina Nextseq 500 platform, which generated between 18 and 28 million reads of 75 bases each per library. The reads were aligned to the reference indica 9311 genome assembly using bowtie2/tophat2 software. Of the total reads, 325 million short reads were generated from the three grain-filling stages, with 279 million high-quality 75 bp reads selected for further analysis. We pooled the short reads and aligned them against the indica 9311 reference genome; 70.08-80.09% of reads mapped to genes, 97.79-97.94% of the reads were mapped to exonic regions and 9.91-29.92% of reads were mapped to intergenic regions (Supplementary Table S2 ).
Based on the deep sequencing of the six libraries in the current study, 22,606-25,973 genes were detected from 10 to 30 DAA of LYP9 and 9311 straws, which covered from 55.48% to 63.75% of the reference genes in 9311 ( Fig. 2A) . More genes in LYP9 were expressed in the whole grain-filling stage than in 9311. The expressed genes detected in the three grain-filling stages gradually decreased from 10 to 30 DAA. The expressed genes at 30 DAA were much lower than at the other two stages of grain filling in both cultivars. In LYP9, 26,025 genes were expressed at all the three stages of grain filling. The numbers of stage-specific expressed genes were 653 (L1), 629 (L2) and 805 (L3) (Fig. 2B) . For 9311, 25,262 genes were expressed at all three grain filling stages. The numbers of stage-specific expressed genes were 667 (Y1), 685 (Y2) and 704 (Y3) (Fig. 2C) (Fig. 2D) . Most interestingly, the numbers of genes uniquely up-or down-regulated in L3 vs. Y3 were 8.4-to 11.5-fold those of the comparison of L1 vs. Y1 and L2 vs. Y2, implying that there are considerable differences between the physiological processes in LYP9 and 9311 at 30 DAA. Overall, there were 10,401 up-or down-regulated DGs detected in the seven paired comparisons at the grain-filling stage ( Supplementary Fig. S1 ).
To assess the transcriptome similarity between samples, we performed a principal component analysis based on all the detected genes in the six libraries (Fig. 3) . In this figure, the analysis revealed six discrete groups, which constituted distinct sets highlighting the specialized nature of their transcriptomes. The distances among the three grain-filling stages of super rice were shorter compared with the three stages in 9311, suggesting a relatively low degree of stage dependency for the LYP9 transcriptome compared with 9311. However, there was a longer distance between the transcriptomes of LYP9 and 9311 at 30 DAA, highlighting distinct transcriptomic profiles between super rice and conventional rice, which was consistent with the largest number of DGs between the two cultivars at 30 DAA.
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of differentially expressed genes
To understand the functions of DGs, we used a KEGG pathway network to identify their enrichment among different metabolic pathways. Significantly enriched KEGG pathways were identified using a P-value based on hypergeometric distribution. As a result, six and four metabolic pathways were significantly different at 20 and 30 DAA between 9311 and LYP9, respectively, while no metabolic pathways were significantly enriched at 10 DAA (Fig. 4) . At the grain-filling stage at 20 DAA, the KEGG pathway network analysis showed that 'plant hormone signal transduction', 'plant-pathogen interaction' and 'phenylpropanoid biosynthesis' were enriched in DGs, with 17, 16 and 14 DGs, respectively, between 9311 and LYP9.
The metabolic pathways 'photosynthesis,' 'photosynthesisantenna proteins' and 'flavonoid biosynthesis' were enriched in DGs at 30 DAA in 9311 and LYP9. DGs anchored in the pathways of photosynthesis and photosynthesis -antenna proteins are detailed in Supplementary Fig. S2 . The identified differentially expressed antenna proteins [light-harvesting complexes (LHCs)], including LHCA1, LHCA3, LHCA4 and LHCA5 in PSI and LHCB1-LHCB6 in PSII, were up-regulated in 9311, while LHCA2 was up-regulated in LYP9.
DGs identified from the time course comparison between 9311 and LYP9 at the three grain-filling stages were also clustered using the KEGG pathway network ( Supplementary  Fig. S3 ). At 10 and 20 DAA, both 9311 and LYP9 exhibited a similar metabolic pathway enrichment pattern, suggesting that DGs were significantly enriched in 'plant hormone signal transduction', 'photosynthesis -antenna proteins' and 'carotenoid'. In the cluster of 'plant hormone signal transduction', 40 and 15 DGs were up-and down-regulated at 10 DAA in LYP9. Moreover, the majority of DGs (38) were up-regulated at 10 DAA in 9311, while only nine DGs showed higher expression levels at 20 DAA in 9311. Most interestingly, the genes encoding serine/threonine-protein kinase SRK2 (EC 2.7.11.1) and jasmonate ZIM domain-containing protein and protein phosphatase 2C (EC 3.1.3.16) were only up-regulated at 10 DAA in both 9311 and LYP9. In the category of 'photosynthesis -antenna proteins', all the detected genes were up-regulated at 20 DAA, suggesting that photosynthesis activity was higher at 20 DAA. However, the significantly enriched metabolic pathway ('photosynthesis -antenna proteins') showed a distinct pattern when 20 and 30 DAA proteins were compared ( Supplementary Fig. S4 ). Genes encoding the related light-harvesting proteins were up-regulated at 20 DAA in 9311. However, the relevant genes were up-regulated at 30 DAA in LYP9, suggesting that the photosynthetic activity of LYP9 declined faster than that of 9311.
Functional classification of DGs during the three grain-filling stages as determined by Gene Ontology (GO) GO slims were used for the functional classification of DGs in terms of biological processes, molecular functions and cellular components (Ye et al. 2006) . We used GO assignments to classify the functions of DGs among different cultivars ( Fig. 5 ; Supplementary Fig. S5 ). In the three GO categories of biological processes, cellular components and molecular functions, no GO terms were significantly enriched between LYP9 and 9311 at 10 DAA. The up-regulated genes in L2 and Y2 are shown in Supplementary Fig. S5 and Supplementary Table S3. For upregulated genes in L2 compared with Y2, the 'transcription factor activity, sequence-specific DNA binding', 'binding' and 'transferase activity' were the significantly representative GO terms. In contrast to L2, the up-regulated genes between Y2 and L2 corresponded to the significantly enriched GO terms in the category of biological process and molecular function, which were 'response to endogenous stimulus', 'carbohydrate metabolic process', 'transcription factor activity, sequence-specific DNA binding' and 'catalytic activity'. The terms 'extracellular region' and 'external encapsulating' belonging to the category of cellular components were enriched in Y2 ( Supplementary Fig. S5 ). The up-regulated DGs in L3 (L3 vs. Y3) corresponded mostly to the GO terms related to 'response to stimulus'. On the other hand, 'carbohydrate binding', 'protein binding' and 'nucleotide binding' were also highly enriched in L3 (Fig. 5A) . In contrast to L3, the genes up-regulated in Y3 showed similar enrichment regarding 'response to stimulus'. The subcategories of 'transport' and 'photosynthesis' were over-represented GO terms in Y3, suggesting that the photosynthetic activity of Y3 was weaker than that of LYP9 (Fig. 5A) . Most interestingly, the term 'carbohydrate binding' was highly represented in LYP9 at both 20 DAA (24 DGs) and 30 DAA (62 DGs) compared with 9311 (Supplementary Table S3 ). The comparison of expression patterns of carbohydrate metabolism-related genes between LYP9 and 9311 at the three grain-filling stages
To identify the metabolic pathways in which DGs were involved and enriched, we performed a pathway-based analysis using the KEGG pathway database. At 10 DAA, 459 DGs were classified into 37 functional categories in six main categories. Among them, 40 DGs were detected in the carbohydrate metabolism category and 16 DGs in energy metabolism. The signal transduction pathway was the second largest pathway with DGs involved, although it did not reach a significant level. In the category of carbohydrate metabolism, all the four DGs (BGIOSGA011042, BGIOSGA023891, BGIOSGA019452 and BGIOSGA025337) involved in the glycolysis/gluconeogenesis pathway were, respectively, 7-, 1.7-, 2.1-and 1.5-fold up-regulated in LYP9 compared with 9311. Regarding sucrose and starch metabolism, 12 DGs were up-regulated in 9311. Among the 12 DGs, one gene, BGIOSGA000827, encoding TPS (trehalose 6-phosphate synthase/phosphatase, EC 2.4.1.15 3.1.3.12), two genes (BGIOSGA028425 and BGIOSGA020798) encoding the enzyme SPS (sucrose-phosphate synthase, EC 2.4.1.14) and one gene (BGIOSGA031385) encoding b-amylase (EC 3.2.1.2) were significantly up-regulated in 9311 compared with LYP9. Moreover, at 10 DAA, SPS activity and b-amylase activity of 9311 were higher than those of LYP9 (Fig. 6A, C) , which was consistent with their gene expression level. In addition, b-amylase activities were negatively correlated with the starch contents in the straws. The correlation coefficients were 0.989 and 0.805 in LYP9 and 9311, respectively. These results suggested that the processes of main carbohydrate reserve starch in straws degraded by b-amylase and the synthesis of sucrose by SPS were more active in 9311 at this time point. Thus, the grain-filling process in 9311 might be earlier and stronger than in LYP9. In the energy metabolism pathway, three DGs (encoding three unique enzymes) were detected in the carbon fixation pathway (dark reactions) and three DGs (encoding three unique enzymes) in the photosynthesis pathway (light reactions). Interestingly, two of the three DGs were up-regulated in the carbon fixation pathway. Moreover, all of the three DGs in the photosynthesis pathway were up-regulated in LYP9. The transcriptional levels of BGIOSGA011042 encoding FBP (fructose-1,6-bisphosphatase) and BGIOSGA0 27084 encoding PPC (phosphoenolpyruvate carboxylase) were up-regulated by 7-and 1.7-fold, respectively. The gene BGIOSGA014978 encoding LHCB6 (light-harvesting complex II Chl a/b-binding protein 6) and BGIOSGA026928 encoding LHCA4 (light-harvesting complex I Chl a/b-binding protein 4), respectively, showed 5.9-and 2.1-fold higher expression in LYP9.
At 20 DAA, the carbohydrate metabolism category (45 DGs) and the signal transduction pathway (45 DGs) were the largest groups among the 37 functional categories. In addition, 20 DGs were involved in the energy metabolism pathway. In the carbohydrate metabolism category, 12 DGs showed higher expression levels in the sucrose and starch metabolism pathways. Most interestingly, 11 of the 12 DGs encoding nine unique enzymes, such as b-fructofuranosidase, glucose-1-phosphate adenylyl transferase, pectinesterase and TPS were up-regulated in 9311 (Supplementary Table S4 ). In the photosynthetic pathway, the three DGs encoding three unique enzymes showed higher transcriptional levels in LYP9. Similarly, the two DGs encoding FPB and PPC that were detected in the carbon fixation pathway were up-regulated in LYP9.
A higher number of DGs was detected at 30 DAA (Fig. 2D) . The carbohydrate metabolism category (262 DGs) was also the largest group among all the functional categories, followed by signal transduction (174 DGs) and energy metabolism (128 DGs) groups. In the sucrose and starch metabolism pathway, 47 DGs encoding 22 unique enzymes showed higher expression levels. Among them, two genes (BGIOSGA005631 and BGIOSGA 021860) encoding starch synthase (EC 2.4.1.21) were up-regulated 10.4-and 4.8-fold in 9311. Moreover, one gene encoding starch phosphorylase (EC 2.4.1.1), which was essential to starch synthesis, was up-regulated 2.4-fold in 9311, implying that starch synthase in 9311 might be vigorous at 30 DAA. Four DGs (BGIOSGA009181, BGIOSGA028759, BGIOSGA020201 and BGIOSGA000827) encoding TPS were significantly up-regulated in LYP9 and the expression levels compared with 9311 were 5-, 6.8-, 2.1-and 3.4-fold, respectively. Seventeen DGs encoding 11 unique enzymes showed higher transcription levels in the oxidative phosphorylation pathway. Eighteen of the 23 DGs were up-regulated in 9311 in the photosynthesis pathway. Twenty-seven DGs encoding 14 enzymes were detected in the carbon fixation pathway. Interestingly, 23 of the 27 DGs showed a higher expression level in 9311, suggesting that the carbon fixation activity might be more vigorous than in LYP9 at this time point.
Starch and sucrose metabolism-related genes between different grain-filling stages in LYP9 and 9311
The rice straws act as either the source or sink tissues based on the carbohydrate biochemical status. The straws mainly accumulate carbohydrate by starch biosynthesis conducted in sink tissues before heading; the accumulation of carbohydrate begins to slow by starch degradation at the grain-filling period, and the catabolite sucrose is exported from straws to the developing grains. Notably, straws alter their function from sink to source at the grain-filling stage. In this process, starch and sucrose metabolism in straws is pivotal for grain filling. Regarding LYP9, the number of DGs involved in starch and sucrose metabolism in three pairwise comparisons were significantly different. In the comparison of 10 and 20 DAA, 37 DGs were identified. Among all the DGs, four of the five genes encoding trehalose-phosphate phosphatase (TPP) showed high expression levels at 10 DAA, especially BGIOSGA012770, which was 57.33-fold greater than at 20 DAA. Two genes encoding TPS were highly expressed at 10 DAA. Three genes encoding b-amylase which catalyzed starch degradation showed high transcript levels at 10 DAA. In addition, one gene encoding sucrose synthase (SS) was highly expressed at 10 DAA. There were 45 DGs detected in the comparison between 10 and 30 DAA. Among all the DGs, genes encoding TPP, TPS, b-amylase and SS were also specifically identified at 10 DAA. The genes at 30 DAA showed a similar expression pattern to that at 10 and 20 DAA. Only 13 DGs were detected between 20 and 30 DAA in relation to starch and sucrose metabolism (data not shown), suggesting that the starch and sucrose metabolism between 20 and 30 DAA might not as active as that at 10 DAA. This result was consistent with the variation in NSC concentration from 20 to 30 DAA, which showed little fluctuation. Genes encoding enzymes involved in starch and sucrose metabolism such as TPP, TPS, SS and b-amylase in 9311 at the three grainfilling stages showed an expression pattern similar to LYP9 (data not shown). All of these results showed that the genes involved in trehalose synthesis (TPP and TPS), starch degradation and sucrose synthesis (SPS, SS and b-amylase) showed similar expression patterns in the two cultivars.
SS activities were measured in LYP9 and 9311 at the three grain-filling stages (Fig. 6B) . Both cultivars showed a similar changing pattern in that the SS activities gradually declined throughout grain filling, which was consistent with our previous results on japonica cultivar and indica cultivar rice straws (Yang et al. 2001a ). The expression pattern of three genes encoding SS (BGIOSGA010770, BGIOSGA010570 and BGIOSGA026140) was similar to SS activity, suggesting that these three genes were involved in remobilization of carbon reserves in straws.
Changes in the expression of genes related to ABA biosynthesis and catabolism in 9311 and LYP9
ABA levels in plants are controlled by a balance of ABA biosynthesis and catabolism (Zeevaart and Creelman 1988) .
The enzyme 9-cis-epoxycarotenoid dioxygenase (NCED) catalyzing conversion of 9-cis-epoxycarotenoids to xanthoxin is a key regulatory step in ABA biosynthesis (Krochko et al. 1998 , Iuchi et al. 2001 . The conversion of ABA to phaseic acid (PA) and 4 0 -dihydrophaseic acid (DPA) by ABA 8 0 -hydroxylase (ABA8OX) is considered as the main ABA catabolic pathway (Zeevaart and Creelman 1988, Nambara and Marion-Poll 2005) . Moreover, ABA8OX was reported to be involved in sugar signal responses (Zhu et al. 2009 ). Three genes, ABA8ox1, ABA8ox2 and ABA8ox3, encoding ABA8OX, and five NCED genes catalyze ABA biosynthesis in rice. In this study, expression profiles of the genes involved in ABA biosynthesis (NCED) and catabolism (ABA8ox) were determined in the rice straws using the reads per kilobase per million reads (RPKM) value. We found that ABA8ox1 was the most highly expressed among the three catabolism genes, suggesting that ABA8ox1 might be a key gene in ABA catabolism in straws of rice. The RPKM value of ABA8ox1 increased and reached a maximum at 20 DAA in 9311. However, in super rice LYP9, the RPKM value continuously increased and reached a maximum expression level at 30 DAA which was significantly higher than that in 9311 at this time point. Expression of both ABA8ox2 and ABA8ox3 declined from 10 to 30 DAA and they have a similar level in 9311 and LYP9 (Fig. 7A) . Only the expression pattern of ABA8ox1 during the grain-filling stages of 9311 and LYP9 was consistent with the change in ABA content (Fig. 7C) . The transcript level of NCED1 in 9311 at 30 DAA exhibited the highest expression level among the three time points and was 71-fold higher than that of LYP9 at 30 DAA. Similar to ABA8ox2 and ABA8ox3, NCED3 and NCED4 also declined during grain filling and had closely similar expression patterns in the two cultivars (Fig. 7B) . In addition, NCED2 and NCED5 were barely detected during the grain-filling stage in the two cultivars. The ABA concentration of LYP9 gradually declined from 10 to 30 DAA, while the concentration of 9311 dropped to a minimum level of 48.44 ng g -1 at 20 DAA, and then increased to 57.04 ng g -1 at 30 DAA (Fig. 7C) . The ABA content of the two cultivars showed significant differences at 30 DAA (P < 0.05). These results suggest that the counteraction between ABA8ox1 and NCED1 plays a key role in controlling ABA content in straws of rice.
Confirmation of the differential gene expression
To confirm the expression of DGs in super rice LYP9 and conventional rice 9311 at the three grain-filling stages, the expression levels of the 12 DGs involved in starch and sucrose metabolism, hormone signaling and sucrose transport were selected and examined by real-time quantitative PCR (qRT-PCR). The primers used for the qRT-PCR are listed in Supplementary  Table S5 . Key genes involved in remobilization of carbon reverves, such as SS, SPS, TPS, TPP and sucrose transport1 (SUT1) were more or less consistent with the RNA-Seq results (Fig. 8) as well as the enzyme activities (Fig. 6) . Similarly, the ABA biosynthesis and catabolism genes, especially NCED1 and ABA8ox1 genes, displayed a comparable expression pattern with the RNA-Seq result (Fig. 8) . Results from qRT-PCR and enzyme assays further confirm the involvement of these gene in controlling remobilization of carbon reserves in straws of rice. Also, the gene expression levels of SPS did not completely agree with the RNA-Seq results. The RPKM values of SPS show that it was only up-regulated in 9311 at 10 DAA but not the other two grain-filling stages, while the qRT-PCR result of the SPS gene in these two cultivars exhibited a similar decrease; both 9311 and LYP9 had a similar expression level at 10 DAA.
Discussion
Super rice cultivars have large panicles with huge yield potential, but realization of the yield potential is limited by low grainfilling rates and incomplete use of pre-stored carbon reserves in the straws. The photosynthetic capacity of super rice is generally higher than that of conventional rice in terms of leaf area, plant architecture and photosynthetic rate (Zhang 2007) . Transcriptomic profiles of straw at the grain-filling stage focused on the process of carbon reserve translocation might have the potential to make full use of the source capacity. In this study, we found that the NSC content in the straw of super rice (LYP9) was higher than that in the conventional rice (Fig. 1A) , suggesting that LYP9 has a huge source capacity to produce photosynthetic assimilates, which provide a unique opportunity to convert them into grain yield.
Trehalose is an ancient sugar consisting of two glucose molecules with a-1,1-linkage that does not have the reducing ends found in various organisms, including bacteria, algae, fungi, yeast (Saccharomyces cerevisiae), insects and some plants (Paul et al. 2008) . Trehalose 6-phosphate (T6P) is synthesized from UDP-glucose (UDPG) and glucose 6-phosphate (Glc6P) by TPS and dephosphorylated by TPP to yield trehalose, which can be hydrolyzed to glucose by trehalase (Cabib and Leloir 1958) . A rice TPP was overexpressed in developing maize which regulated growth and development, increased the concentration of sucrose in ear spikelets and improved yield in well-watered and drought conditions (Nuccio et al. 2015) . It was also reported that overexpression of TPP reduced the concentration of T6P, which increased in parallel with sucrose (Yadav et al. 2014) . Interestingly, in our study, the majority of genes encoding TPP were up-regulated at 10 DAA compared with 30 DAA in both LYP9 and 9311 during the grain-filling stage (Table 1) , which was consistent with the trend of the concentration of soluble sugars at the three stages of grain filling (Fig. 1C) . Therefore, the up-regulated TPP expression level consequently increased the soluble sugar concentration at 10 DAA compared with 30 DAA, which may lead to the high grain-filling rate at 10 DAA shown in our previous study (Zhu et al. 2011) . Trehalose contents at 10 DAA were significantly greater than those at the other two grain-filling stages in both LYP9 and 9311 (Fig. 9) , which is consistent with the TPP expression level. In addition, trehalose contents of the two cultivars were significantly correlated with the total contents of soluble sugars (r = 0.874; P < 0.05) in the straws at the grain-filling stage. These results imply that the enhanced expression level of TPP elevates the trehalose content and probably increases the concentration of soluble sugars in straws, and consequently improves the carbon reserve remobilization from straws to grains at the grain-filling stage.
Sucrose is the principal product of photosynthesis used for the distribution of assimilated carbon in plants. It is produced in the cytoplasm, directly from the products of photosynthesis or the utilization of storage reserves (Ayre 2011) . Sucrose loading into the phloem is the first step for long-distance sucrose transport from straws to developing grains and is mediated either by plasmodesmata or with SUTs as carriers. So far, five SUT genes, SUT1, SUT2, SUT3, SUT4 and SUT5, have been identified in rice (Aoki et al. 2003) . After analyzing the genes expressed at each grain-filling stage in both cultivars, we found that three SUT genes, SUT1, SUT2 and SUT4, were expressed in straws. This result is consistent with the finding that expression of OsSUT3 and OsSUT5 was obviously lower than that of other OsSUT genes in the leaf sheath of rice (Chen and Wang 2008) . The expression level of SUT1 was greatest among the SUT genes during the grain-filling stage ( Supplementary Fig. S6 ), suggesting that SUT1 may play the predominant role in the sucrose transport process at the grain-filling stage.
Hormones are key regulators of many plant developmental processes. There are many reports showing how the hormonal changes regulate the whole plant senescence and nutrient remobilization (Waters et al. 1984 , Andersen et al. 2002 , Davies 2004 ). The ABA content in the developing spikelets is positively related to the grain-filling speed, measured as a daily increment of the kernels (Yang et al. 2001b , Yang et al. 2003 , Yang et al. 2004 . It was documented that ABA can enhance the movement of photosynthetic assimilates towards the developing seeds (Dewdney and McWha 1979 , Ackerson 1985 , Brenner and Cheikh 1995 . Chen and Wang (2012) also demonstrated that ABA can inhibit starch biosynthesis and improve starch degradation in the leaf sheaths of rice. In the present study, we found that the gene ABA8ox1, which might play the key role in ABA catabolism, showed >2-fold up-regulated expression levels at 30 DAA in LYP9 compared with 9311. This was in agreement with the ABA concentration. Therefore, it was concluded that a lower ABA concentration in LYP9 (Fig. 7C) led to higher NSC and starch accumulation at all the three sampling points in straws (Fig. 1) and consequently suppressed carbon reserve remobilization from straws to grains.
Substantial transcript changes have been detected during rice grain filling between the two cultivars, suggesting that transcription factors (TFs) may play important roles in this biological process. Given the differences in genetic background between these two cultivars, it is less meaningful and technically difficult to compare the TF signatures between LYP9 and 9311. Nevertheless, multiple families of TFs were observed to be differentially regulated during the rice grain filling in both cultivars ( Supplementary Fig. S7 ). Among them, 70 basic helixloop-helix (bHLH) TFs (11.2%), 58 ERF members (9.3%) and 55 WRKY members (8.8%) were the three most abundant TF families that were differentially expressed. So far, few reports have been published describing the members of these three TF families, which are related to grain filling. The considerable number of differentially expressed TFs may serve as good candidates for further functional studies. In addition, a recent proteomic study indicated that a few TFs were detected at the protein level (Zhu et al. 2016) , indicating that post-transcriptional or post-translational regulation may exist during the grain-filling process. In addition, the majority of studies focused on the sink tissues such as spikelets . TF families such as APETELA2 (AP2) (Oh et al. 2009 ) and NAC (Uauy et al. 2006 , Sperb et al. 2009 ) have frequently been reported to participate in regulating the grain-filling process. However, less attention has been paid to source tissues. Several AP2 and NAC members were found to be differentially regulated during grain filling in straw, but the number was much lower than the bHLH, ERF and WRKY members detected in this study. This suggests that the transcription regulation networks could be quite different between the source and sink tissues. Further molecular and genetic studies are required to unravel the underlying mechanisms of these TFs and their regulatory hierarchy during rice grain filling in source tissues.
In conclusion, super rice showed a different carbon reserve remobilization behavior compared with conventional rice. The straw-specific sequencing data elucidated a valuable resource and provided insight into carbon reserve remobilization from straws to grains at the grain-filling stage in rice. The gene expression profile of super rice was very different from that of conventional rice at the late stage of grain filling. DGs involved in plant hormone signal transduction (ABA8ox1 and NCED1) and carbohydrate metabolic processes (TPP, SS and b-amylase) may play key roles in the accumulation of soluble sugars in straws and consequently lead to carbon reserve remobilization from straws to grains. Transcriptional regulation networks could be quite different between the source and sink tissues.
Materials and Methods
Plant materials
This experiment was conducted on a farm at Yangzhou University, Jiangsu Province, China, during the rice-growing season (May-October). LiangyouPei9 (LYP9), a super rice, with numerous spikelets on a panicle, and its paternal line 9311 were planted in pots. The seeds were sown in the paddy field from May 15 to May 18. Thirty-day-old seedlings were then transplanted to the pots in the field. Each pot was planted with three hills, one plant per hill. Both cultivars were headed from August 21 to August 24 (50% of plants) and were harvested from October 5 to October 6. The water level in the pots was kept at 1-2 cm until harvest.
Sampling and preparation
Two hundred straws that were headed on the same day were chosen and tagged from each cultivar. Thirty tagged straws (only the first straw below the flag leaf) from each cultivar were sampled at heading time, 10, 20 and 30 DAA. The leaf sheath was included with the straw. The sampled straws were divided into two groups (15 plants each) of subsamples. Fifteen tagged straws (five straws formed a subsample) from each stage were sampled for measuring NSC and trehalose contents. The remaining sampled straws (three straws formed a subsample) at each stage were immediately chopped and frozen in liquid nitrogen and stored at À80 C for RNA-Seq analysis and measurement of the ABA concentration and enzyme activities.
Measurement of photosynthetic rate
The photosynthetic rate (Pn) of the flag leaves was measured on the same date as straw collection. A gas-exchange analyzer (CID-PS CO2 Analyzer System; CID) was used to measure the Pn. Measurements were made during 0900-1100 h when photosynthetically active radiation above the canopy was 1,000-1,100 mmol photons m -2 s -1
. Ten leaves were used for each measurement.
Carbohydrate analysis
Straws (sheath and stem) for NSC measurements were immediately dried in a forced-air dryer at 80 C to constant weight. The dry straws were ground into powder. The NSC measurement method was performed as described by Yang et al. (2001c) .
Trehalose contents was estimated using a trehalose reagent kit (Shanghai Solarbio Biocompany). The absorbance of trehalose was measured at 620 nm, following the manufacturer's instructions ).
RNA extraction, sequencing and library construction
The straw (only the first straw below the flag leaf) of the two cultivars sampled at 10, 20 and 30 DAA were used for RNA-Seq analysis. Total RNA was extracted from straws using the RNeasy Plant Mini Kit (Qiagen). For each grain-filling stage of the two cultivars, RNA samples from the three individual straws were pooled together in equal amounts to generate one mixed sample. Two biological replicates were used in the RNA-Seq. RNA was precipitated with ethanol, dissolved in diethylpyrocarbonate (DEPC)-treated water and stored at À80 C. All RNA samples were examined for protein contamination (as indicated by the A 260 /A 280 ratio) and reagent contamination (indicated by the A 260 /A 230 ratio) with a Nanodrop ND1000 spectrophotometer (NanoDrop).
Total RNA purity and degradation were examined on a 1% agarose gel before proceeding. The mRNA was purified from 6 mg of total RNA using oligo(dT) magnetic beads. Following purification, the mRNA was fragmented into small pieces using divalent cations under an elevated temperature, and the cleaved RNA fragments were used for first-strand cDNA synthesis using reverse transcriptase and random primers. DNA polymerase I and RNase H were used to synthesize second-strand cDNA. Subsequently, short fragments were purified using a QiaQuick PCR extraction kit and resolved with elution buffer for end repair and poly(A) addition. Those fragments with a suitable range of lengths selected based on the results of agarose gel electrophoresis were used as templates for library amplification. The library quality was confirmed by the Agilent 2100 Bioanalyzer and Agilent High Sensitivity DNA Kit. Finally, the library was sequenced from both the 5 0 and 3 0 ends using Illumina NextSeq 500. Raw image data generated by sequencing were transformed by base calling into sequence data, which are called raw data/raw reads, and were stored in fastq format (Liu et al. 2015) GO and KEGG pathway analysis GO slims from the Rice Genome Annotation release 6.1 were used for functional classification of the DGs. The GO has three ontologies: molecular function, cellular component and biological process. GO enrichment analysis of functional significance applied a hypergeometric test to map all the DGs to terms in the GO database, and the number of DGs per term was calculated. The KEGG pathway is the major public pathway-related database for enrichment analysis.
ABA concentration
Endogenous ABA levels of straws (sheath and stem) were measured using the methods modified from Bollmark et al. (1988) and He (1993) . Samples of straws (three biological replications) were ground in a mortar (at 0 C) in 10 ml of 80% (v/v) methanol extraction medium containing 1 mM butylated hydroxytoluene as an antioxidant. The extract was incubated at 4 C for 4 h and centrifuged at 4,800 Â g for 15 min at 4 C. The supernatants were passed through Chromosep C18 columns (C18 Sep-Park Cartridge, Waters Corp.), pre-washed with 10 ml of 100% and 5 ml of 80% methanol, sequentially. The hormone fractions were dried under N 2 and dissolved in 2 ml of phosphate-buffered saline (PBS) containing 0.1% (v/v) Tween-20 and 0.1% (w/v) gelatin (pH 7.5) for analysis by an enzyme-linked immunosorbent assay (ELISA). The mouse monoclonal antigen and antibody against ABA and immunoglobulin G-horseradish peroxidase (IgG-HRP) used in the ELISA were produced at the Phytohormones Research Institute, China Agricultural University (He 1993) . The method for quantification of ABA by ELISA was described previously (Yang et al. 2001c ). ABA concentration was expressed on the basis of FW. The specificity of the monoclonal antibody and other possible non-specific immunoreactive interference were checked previously and proved reliable (Wu et al. 1988 , Yang et al. 2001c ).
Enzyme extraction and assays
The frozen straw (three biological replications) was ground and extracted (at a ratio of 4 ml of buffer per 1 g of tissue) in cold 0.1 M phosphate buffer (pH 6.5) at 4 C, and centrifuged at 15,000 Â g for 30 min. The supernatant was used for the assay of b-amylase. The b-amylase activities were determined as described previously (Sirou et al. 1990 ). The b-amylase activities were expressed as mmol maltase equivalent released mg À1 protein h
À1
. Enzyme activities of SPS and SS with three biological replications were measured using SPS and SS reagent kits (Nanjing Jiancheng Biocompany).
Quantitative real-time PCR
For qRT-PCR, total RNA extract from the straws (sheath included) was isolated and transcribed with oligo(dT) primers using a ThermoScript TM RT-PCR System for First-Strand cDNA Synthesis according to the manufacturer's instructions (Thermo). Transcript levels of selected genes were measured by qRT-PCR using an iCycler (Bio-Rad) with iQ SYBR Green Supermix (Bio-Rad). ACTIN1 (BGIOSGA013463)was used as an internal standard. For each sample, the mean value from three qRT-PCRs was used to calculate the transcript abundance. The primers used for qRT-PCR are listed in Supplementary Table S5 .
Statistical analysis
The SPSS 19.0 software (SPSS Inc.) was used to analyze statistical significances, and the results are expressed as the mean values ± SE. Post-hoc comparisons were tested using the Tukey test at a significance level of P < 0.05. Pearson correlation coefficient analysis was used to evaluate the correlation coefficient.
Supplementary data
Supplementary data are available at PCP online. 
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